Bacteriophage T4 assembly was impaired in Escherichia coli hdB3-1 at an incubation temperature below 30°C. Naked probead cores (head scaffold) bound to the inner surface of the plasma membrane accumulated, and the major shell protein (gp23) precipitated into visible intracellular aggregates in the cytoplasm. Shifting the temperature to 429C allowed newly synthesized gp23 to assemble around the accumulated cores. We conclude that synchronous assembly of the scaffold and shell is not obligatory and that naked cores can serve as intermediates in the T4 assembly pathway.
The assembly of bacteriophage capsids is preceded by the formation of a prohead consisting of a shell and a proteinaceous core (3) . For bacteriophage T4, the major components of the shell are gene products 23 and 24. The core is composed of at least seven gene products, namely proteins gp2l, gp67, gp68, IPI, IPII, and IPIII and its major component, gp22 (17) . After prohead assembly is complete, the scaffolding core structure is proteolytically removed (12) . In this process the core proteins are either totally or partially degraded, and the degradation products of some core proteins remain inside the mature head (13) . Only the internal proteins (IPI, IPII, and IPIII) are found in comparable amounts in the prohead and in their processed form (IP*) in the phage. We have previously shown the formation of naked scaffolding cores in vivo when shell proteins are absent (17, 18) . These naked cores consisted of the T4 internal head proteins and were morphologically similar to cores found in the prohead, i.e., they had a prolate shape and a defined size. This suggests that the scaffolding core controls the head size and directs the shell into its prolate shape.
The detection of naked cores allows us to ask whether the core is a possible intermediate in prohead formation, i.e., whether the shell can still be formed after the core is completed. To determine whether naked cores can serve as true intermediates in T4 head assembly, we used an Escherichia coli strain that shows a block in an early stage of the T4 assembly pathway. In this strain, the assembly of the tail or of the tail fibers is not affected, while the assembly of the head is nearly completely impaired at an incubation temperature of 28°C (15) . We have recently shown that under these conditions naked prohead cores are formed and the major shell protein (gp23) precipitates into "lumps" as observed in thin-sectioned cells (18) . A shift of the incubation temperature from 28 to 41°C during infection results in the production of phage progeny (15) . The progeny might result either from de novo assembly of head structures or from maturation of the accumulated scaffolds. To distinguish between these possibilities, we used a mutant of T4 carrying two mutations in gene 40. Since gp4O is only required for phage growth at high temperature (6, 7), de novo assembly after the shift should be excluded. We show here that T4 40am 40oc infections in E. coli hdB3-1, when shifted from 28 to 42°C, yield viable phage. These results suggest that the accumulated cores can be matured to functional phage heads and can act as true intermediates in the T4 assembly pathway.
MATERIALS AND METHODS
Bacterial and phage strains. E. coli B (sup') and CR63 (supD) were used as standard hosts. E. coli hdB3-1 is a mutant strain with an altered fatty acid and phospholipid composition (15) and was kindly provided by L. D. Simon. Phage T4D and its mutants 10(amB255), 18(amE18), 19 (cs542), 20(amE481), 20(cs1041), 23(amHll), 40(amA142), and 40(ocL84) were from our collection. The double and multiple mutants were made by crossing the single mutants.
Media and phage infections. Cultures of host cells and infected cells were grown in M9 minimal medium (1) supplemented with 1% (M9A) or 0.1% (M9a) Casamino Acids (Difco Laboratories). The host cells were grown to a concentration of 2 x 108 cells per ml and then infected at a multiplicity of infection of 5, followed by superinfection at the same multiplicity 8 min after infection to obtain lysis inhibition.
Electron microscopy. In situ lysis, negative staining, embedding, and thin sectioning were performed as described previously (18) . Micrographs were made on Kodalith film (Eastman Kodak Co.) with a Zeiss EM10 or a Philips EM300 electron microscope at an acceleration voltage of 80 kV.
Analysis of the radiochemical composition of isolated phage particles. One milliliter of a fresh overnight culture of E. coli hdB3-1 grown at 28°C in M9 medium was diluted into 100 ml of M9 medium and shaken at 28°C until the culture reached a density of 2 x 108 cells per ml. Phage T4 40 (amA142) 40(ocL84) was added at a multiplicity of infection of 5. Thirty seconds later 150 ,uCi of '4C-amino acids (Amersham Corp.; 50 ,uCi/ml) and in some cases 300 ,Ci of 3H-amino acids (Amersham; 1 mCi/ml) were added. At 6 min postinfection, the culture was superinfected by the same phage mutant at a multiplicity of infection of 5. At 12 min postinfection, the culture was shifted to 24.2°C and shaken for 48 min. The SDS gel electrophoresis and autoradiography. Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS) was performed as described by Laemmli (10) . The gels were fixed and stained with Coomassie blue. After drying, the gels were exposed to Fuji RX medical X-ray film, J. VIROL. and the autoradiograph was compared with the gels. The identified protein bands were then cut out of the gel. The gel strips were put into 0.1 ml of concentrated nitric acid and 50 ,ul of 30% hydrogen peroxide. The mixture was heated in a boiling water bath, and the strips were dissolved completely after three subsequent additions of 50 ,ul of 30% hydrogen peroxide. The dissolved protein bands were mixed with 5 ml of Instagel scintillation fluid (Packard) and counted in a Packard Tricarb 460C liquid scintillation spectrometer. The counts obtained were substracted from spillover and background noise, and the 14C/3H ratio was determined.
In vitro experiments with isolated prohead cores and shell proteins. T4 scaffolding cores were isolated from T4 10 (amB255) 18(amE18) 20 (amE481) 23 (amHll)-infected cells as described previously (17) . The purified shell proteins were kindly provided by R. van Driel (gp23 and gp24) and J. Caldentey (gp2O). The assembly mixture contained 10 mM MgSO4 and 10 mM phosphate (pH 6.0) as described by van Driel and 'Couture (19) . The proteins were added at a concentration of 5 to 10 mg/ml for gp23, 0.2 to 1 mg/ml for gp24, and 0.1 to 0.2 mg/ml for gp2O. The mixture was held at room temperature for 1 to 3 h, and then the samples were negatively stained with 5% sodium phosphotungstate and examined in the electron microscope.
RESULTS
Conversion of naked cores to head-related structures. We used electron microscopy to investigate whether prohead cores, which accumulate in T4-infected E. coli hdB3-1, can mature to "black particles" (the appearance of DNAcontaining phage on thin sections). Naked cores were attached to the inner membrane of thin-sectioned cells when the incubation temperature was held below 30°C (18) . In addition, large precipitates (lumps) were visible in the cytoplasm, often in contact with the membrane. These lumps consist of precipitated gp23, as demonstrated by immunogold labeling of sections (M. Durrenberger, personal communication). After a shift to higher incubation temperatures (>37°C), the number of intracellular phage particles increased substantially. Similarly, cells, infected with the phage mutant T4 40(amA142) 40(ocL84) at 28°C also accumulated intracellular naked cores and lumps of precipitated gp23 ( Fig. la and b) . However, when the temperature was shifted to 42°C at 75 min postinfection and incubation was continued for 45 min, the number of core particles decreased, and black particles were formed (Table 1, Fig. ic) . It is unlikely that these black particles were assembled de novo because T4 requires gp4O for its assembly at 42°C (7). When the culture was shifted to 42°C immediately after infection and incubated for 120 min at the higher temperature, only a few cores and some black particles were seen. In addition, aberrant tubular structures (polyheads) were Fig. ld) as in T4 40 am-infected wild-type cells. Therefore, these results suggest that the accumulated naked cores were converted to black particles.
Maturation of naked cores into viable phage. Since our analysis of thin-sectioned cells suggested that cores can mature to black particles, we investigated whether naked cores can be converted to infective phage. To do this, we analyzed the number of PFU from lysed cells before and after the temperature shift. T4-infected cultures of E. coli hdB3-1 were grown at either 28 or 42°C or were shifted from the low incubation temperature to the high temperature. The infecting phage was defective for gp4O, which is required for phage growth at high temperature (6, 7) . Due to the phagerelated defect, the number of PFU from infections performed at 42°C was only 6 x 107/ml and, due to the host-related defect, only 1 x 109/ml at 28°C (Table 2 ). For the shifted culture, however, the number of PFU was increased to 6 x 109/ml. This increase is probably not due to de novo assembly after the temperature shift but is readily explained by the maturation of accumulated intermediates. As shown in Table 2 , a similar result was obtained with T4 19(cs542) 20(cs1041) 40(amA142) 40(ocL84)-infected cells. We had introduced the cold-sensitive mutations to lower the background at 28°C.
Composition of pulse-labeled head proteins suggests the maturability of naked cores. To analyze whether cores accumulated in strain hdBl-3 cells matured to phage after the temperature shift, we pulse-labeled T4-infected cells and analyzed the radiochemical protein composition of isolated phage. By incorporating 3H-and "'C-labeled amino acids into phage, we determined the times that phage head proteins were originally synthesized. E. coli hdB3-1 cells were infected with T4 40(amA142) 40(ocL84) at 28°C. Thirty seconds after infection, a mixture of 150 pRCi of 14C-and 300 ,uCi of 3H-labeled amino acids was added to the culture. Consequently, proteins synthesized and assembled during the first time period should have a 1:2 ratio of the two isotopes. At 60 min postinfection the culture was shifted to 42°C and pulsed with 150 p.Ci of "4C-labeled amino acids. Any proteins synthesized after the temperature shift should contain mainly the 14C isotope. This allowed us to distinguish whether the core had matured or was synthesized de novo. To analyze the protein composition of the phage, the culture was harvested and lysed after 1 h of incubation at 42°C.
Phage were isolated and purified on a CsCl gradient. Phage proteins were analyzed on an SDS-polyacrylamide gel and stained with Coomassie blue. The proteins were identified by their banding pattern, the radioactivity of the isolated bands (15) . Accordingly, infection of E. coli hdB3-1 with T4 20(amE481) 40(amA142) 40(ocL84) at low temperature led to an accumulation of naked cores which lacked gp2O (Fig. 2a) . To test whether these cores can mature to phage, the culture was shifted to 42°C and incubated for 1 h. Cell lysates were examined with the electron microscope for head-related particles. Core particles which were partially surrounded by shell structures could be detected (Fig. 2c to e) . We should point out that in most cases, the proximal and distal vertices of the shells were missing. Besides these particles, we observed tubular structures which obviously represented shelled cores that were elongated by continuous shell growth. gp2O has been localized at the proximal vertex (11) , and it therefore appears to be essential for correct initiation of shell assembly. However, even in the absence of gp2O, gp23 was assembled and showed a strong affinity for the cores. The existence of these head-related particles underlines the idea that naked cores can undergo further steps in the head assembly pathway and are not simply degraded after the shift. The cores resulting from infections with the 20am 23am T4 mutant are either attached to the inner membrane or free in the cytoplasm, depending on the particular gene 20 mutant used (18) . For the mutant used in this study, 20 (amE481), two of three of the naked cores were attached to the membrane of E. coli hdB3-1. Interest- (17) were mixed with purified gp2O, gp23, and gp24 for 50 min at room temperature and negatively stained with 5% sodium phosphotungstate. Bar, 100 nm. ingly, we found that many of the free cores were linked to tail structures (Fig. 2b) . This indicates that the core neck participates in head-tail joining.
In vitro conversion of isolated naked cores with purified shell proteins. To test whether cores can be converted to proheadlike structures in vitro, naked cores were isolated as described by Traub et al. (17) and incubated with purified shell proteins (gp2O, gp23, and gp24). After a short incubation time (1 to 3 h), we observed by electron microscopy that some cores were partially and some completely surrounded by shell-like structures (Fig. 3) . When gp23 was omitted from the incubation mixtures, no such shelled particles were observed (data not shown). Longer incubation times (>3 h) resulted in the destruction of the particles. We conclude from these results that naked cores can be encapsidated by the purified shell proteins and give rise to prohead-related structures.
DISCUSSION
We have previously shown that the core of bacteriophage T4 can assemble in vivo without the shell, having a distinct size and architecture (18) . In this paper we report that naked cores can potentially act as an intermediate structure and can mature to phage.
Three lines of evidence show that naked cores accumulated in the cold-sensitive host E. coli hdB3-1 can mature to phage by a temperature shift to 42°C. (i) Electron microscopic studies showed an increase in the number of black particles and a concomitant decrease of cores on thinsectioned T4-infected cells, suggesting that the accumulated cores were converted into phage. (ii) Analysis of the phage titer showed an increase in PFU after the temperature shift, consistent with cores maturing to infectious progeny. (iii) Pulse-labeling experiments showed that the assembly of the core and the shell were not concomitant. We found that under these conditions the remaining core protein (IPIII) was derived mainly from synthesis before the shift, whereas the shell proteins (gp23 and gp24) were synthesized mainly after the shift. The maturability of the accumulated cores is underlined by the observation that they remained stable after the shift to high temperature, as shown by 20am infections. Naked cores are therefore not readily degraded but can mature to phage.
Further evidence that cores can mature was obtained from in vitro experiments with purified cores. Addition of purified shell proteins to isolated cores resulted in partially closed shells similar to those found in the 20am infections. The failure to assemble complete proheads might be ascribed to gp2O, which was not able to assemble onto core particles in vitro and initiate shell assembly from the vertex. Since the isolated cores had been fixed with cross-linking agents, some protein-protein interactions were probably inhibited. In addition, further protein components (such as groE and gp3l) might be necessary to achieve complete shell assembly. Based on the partial assembly of shell-related structures onto cores, we conclude that cores are able to undergo further steps in the head assembly pathway in vitro.
We have shown here that the assembly of prohead core and shell is to a certain degree, an independent process and that the core can serve as an intermediate in T4 phage head assembly. Naked cores are thus not aberrant structures, such as the tubular forms of the shell protein, but are possible intermediates. Previous results revealed that gp2O is not a component of the core (17) and also not required for core assembly (17, 18) . However, its involvement in shell formation is evident. The particles formed in vivo in the hdB3-1 host after a temperature shift in the absence of gp2O consisted of cores surrounded by incomplete shells. These particles were often elongated to tubular structures (polyheads), probably due to continuous growth of the shell on the distal vertex. Infections of E. coli B with mutants carrying three different amber mutations in gene 20 show a similar phenotype (M. Maeder and F. Traub, unpublished). Since gp2O is probably localized at the proximal vertex (11) , it may assemble around the core neck and thereby anchor the prohead to the membrane. Indeed, mutant 20(amE481) 23 (amHll) infections of E. coli B show naked cores detached from the membrane (18) . We propose that the initiation of shell assembly with a correct folding pattern of gp23 requires that gp2O be attached to the prominent neck structure seen at the vertex of naked cores. Further shell assembly then requires contact with gp22 during or after its integration into the assembling core structure. We believe that the interaction of gp23 with gp22 and gp2O is crucial for the folding pattern of the shell and determines the icosahedral symmetry of the prospective capsid, since mutations in genes 20 and 22 lead to the formation of tubular structures with a different folding pattern (16) . Obviously, only a correct folding pattern allows the shell to close a cap at the distal vertex of the head.
Although our experiments allowed us to separate core and shell assembly, we assume that in the normal maturation pathway both assembly processes are rapid and nearly synchronous. It has been shown by gene dosage experiments that the balance of core and shell subunits might be crucial for correct head assembly (13) . Furthermore, genetic studies have shown that mutations in genes 23 and 24, coding for shell proteins, can result in size variants of the phage (2, 4, 5) . Similarly, mutations in genes 67 and 68, coding for core proteins, also lead to a variety of abnormal proheadlike structures and phage size variants (8, 9, 20) . We conclude that the size and form of the T4 head are primarily determined by the core in a nearly synchronous assembly of core and shell.
